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Structural  Evaluation  of  Steel  Faced  Sandwich  Panels 


J.  H.  Pielert 
T.  W.  Reichard 
L.  W.  Masters 
Center  for  Building  Technology 
Institute  for  Applied  Technology 

A  series  of  structural  evaluation  tests  performed  on  components  and  materials 
intended  for  use  in  one  of  the  Operation  BREAKTHROUGH  housing  systems 
is  described.     Four  samples  of  steel  faced,  paper  honeycomb,  sandwich  panel 
material  and  four  full  size  prototype  roof  panels  were  evaluated. 

The  samples  of  sandwich  panel  material  were  used  to  evaluate  the  variability 
of  panel  material  properties  and  the  effect  of  aging  on  tensile  and  shear 
strength.     The  roof  panels  were  used  to  determine  the  behavior  in  service 
considering  the  effects  of  adverse  environmental  conditions  on  ultimate 
strength  and  mode  of  failure.     In  addition,  the  performance  of  one  panel 
under  sustained  loading  was  evaluated. 

Key  Words :     Accelerated  aging;  adhesive  bond;  ductility;  flexural  shear; 
housing  systems;  local  buckling;  material  variability;  moisture  conditioning; 
Operation  BREAKTHROUGH;  paper  honeycomb;  structural  sandwich;  sustained  load. 

1.0  Introduction 

1 . 1     Description  of  System. 

A  housing  system  (figure  1)  proposed  for  the  "Operation  BREAKTHROUGH" 
program  of  the  Department  of  Housing  and  Urban  Development   (sponsor)  utilizes 
factory-produced  sandwich  panels  for  roof,  floor  and  wall  members.  The 
wall  and  floor  panels  are  attached  to  a  steel  grade-beam  system  as  shown 
in  figure  2.     The  floor  panels  are  supported  along  the  edges  by  the  cold- 
formed  steel  grade    beams  and  by  joists  spanning  between  the  grade  beams. 
All  panels  are  3-inches  thick;  the  roof  and  wall  panels  consist  of  a  26- 
gage   (.0179  in.)  steel  sheet  bonded  to  each  side  of  a  resin-impregnated 
paper  honeycomb  core  as  shown  in  figure  3.     The  floor  panels  are  similar 
except  that  the  upper  surface  is  3/8  in.  plywood.     Urethane  foam  is  pressed 
into  the  honeycomb  prior  to  final  assembly  to  improve  thermal  properties. 
Wood  edge  members  are  fastened  around  the  perimeter  of  the  panels. 
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Figure  3.     Section  of  Panel  Material 
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1 . 2    Scope  of  Evaluation. 

One  phase  of  Operation  BREAKTHROUGH  is  an  evaluation  of  the  structural 
adequacy  of  each  proposed  housing  system.     Two  basic  questions  regarding 
structural  performance  must  always  be  considered  when  evaluating  each 
system.     First,  is  it  structurally  safe;  and  second,  will  the  structure 
perform  adequately  in  service?    This  paper  covers  only  the  structural 
evaluation;  however,  other  performance  factors  such  as  fire,  acoustic, 
and  thermal  resistance  have  been  evaluated. 

An  evaluation  of  the  housing  system  showed  the  roof  panel  to  be  one 
of  the  critical  elements  in  maintaining  structural  integrity  during  the 
life  of  the  structure.     The  panels  used  on  the  roof  are  subjected  to  larger 
stresses  than  those  used  in  the  floors  and  walls.     Also,  the  roof  panels 
are  more  susceptible  to  weathering  damage  because  no  roofing  material 
is  applied  to  the  roof,    other  than  flashing  and  sealants  at  the  panel 
joints  and  at  the  intersections  with  the  wall  panels. 

The  adhesive  bond  between  the  honeycomb  core  and  the  steel  skins 
is  important  in  maintaining  both  the  load  capacity  (safety)  and  stiffness 
of  the  structural  system  (serviceability).     Many  adhesives  that  are  exposed 
to  environmental  conditions,  such  as  high  humidities  and  elevated  temperatures, 
are  known  to  undergo  deterioration  resulting  in  decreased  bond  strength. 
This  process  is  referred  to  as  aging.     The  speed  of  the  aging  process 
is  frequently  dependent  upon  the  severity  of  exposure  conditions.  To 
evaluate  the  effect  of  environmental  conditions  on  the  performance  of 
the  panel  materials,  small  specimens  were  exposed  to  conditions  more  severe 
than  those  actually  encountered  in  service  on  the  premise  that  the  more 
severe  conditions  would  serve  to  accelerate  the  aging    process.     A  description 
of  these  test  procedures  and  the  results  are  included  in  Chapter  2. 

The  flexural  behavior  of  the  roof  panels  was  evaluated  by  testing 
to  determine  the  effect  of  moisture  conditioning  on  the  structural  performance 
of  the  panel.     A  description    of  these  test  procedures  and  the  results 
are  included  in  Chapter  3. 

2.0    Panel  Material  Evaluation 

2 . 1    Scope . 

In  evaluating  the  sandwich  panel  material  it  was  assumed  that,  in 
service,  moisture  would  accumulate  within     the  panels  and  under  certain 
conditions  the  temperature  of  the  exterior  facing  of  the  roof  panels  would 
approach  180*"?  [1]  .-^ 


—    Numbers  in  brackets  indicate  references  listed  at  the  end  of  this  paper. 
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High  humidities,   in  combination  with  high  temperatures,  are  especially- 
detrimental  to  adhesive  bonds  used  in  sandwich  panels   [2].  Therefore, 
evaluation  of  the  panel  material  included  a  determination  of  the  effect 
of  moisture  and  high  temperature  on  strength. 

Four  samples  of  panel  material  were  evaluated.     All  samples  were 
fabricated  by  the  producer  and  were  similar  except  for  the  adhesive  and 
bonding  procedure  used  in  making  the  panels. 

Sample  A  was  a  preliminary  design  bonded  with  a 
poly  (vinyl  acetate)  adhesive.     Test  specimens  were 
fabricated  to  the  required  size.     Testing  on  this  sample 
was  not  completed  (See  2.3.1.1) 

S amp  1 e  B  was  a  preliminary  design  bonded  with  a 

neoprene -phenol ic  contact  adhesive.     Test  specimens 

were  fabricated  to  the  required  size. 

Sample  C  was  cut  with  a  fine-tooth  band  saw  from  a 

prototype  roof  panel  which  was  bonded  with  an  epoxy 

adhesive. 

Sample  D  was  a  wall  panel  taken  at  random  from  the 
production  line  which  was  bonded  Avith  an  epoxy 
adhesive.     Test  specimens  were  cut  to  size  with  a 
fine-tooth  band  saw. 

The  shear  (parallel  to  the  plane  of  the  sandwich)  and  flat-wise  tensile 
(normal  to  the  plane  of  the  sandwich)  strengths  of  specimens  taken  from 
each  sample  were  determined  before  and  after  accelerated  aging. 

2  .  2    Test  Procedures 

2.2.1       Flexural  Shear  Test. 

The  shear  strength  of  the  honeycomb  cores  was  determined  by  ASTM 
C  393-62   [3]  using  quarter  point  loading.     The  test  span   (18-in)  was 
chosen  so  that  failure  would  be  either  by  shear  buckling  of  the  core  or 
by  shear  along  the  core-facing  interface.     The  specimens  for  samples  B, 
C,  and  D  were  6  in  wide  x  23  in  long.     Figure  4  shows  a  typical  test  setup 
and  a  Sample  A  specimen  following  the  test.     The  rate  of  loading  was 
approximately  one-third  the  expected  maximum  load  per  minute. 

The  shear  strength  values  determined  by  this  test  method  will  be 
approximately  those  determined  by  other  methods   (for  example,  ASTM  C  272). 
These  values  vary  with  test  span,  thickness  of  core  and  facings  and  other 
test  variables.     One  such  variable  is  the  size  and    thickness  of  the  plates 
used  to  distribute  the  loads  into  the  specimen  and  to  prevent  local  crushing 
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under  the  load  points.     The  load  distribution  plates  used  in  this  test 
were  6  x  2  x  1/4  inches  and  the  reaction  plates  were  6  x  2  x  1/2  inches 
and  oriented  as  shown  in  figure  4. 

2.2.2  Flatwise  Tensile  Test. 

The  test  method  o£  ASTM  C  297-61   [3]  was  used  to  determine  the  flatwise 

tensile  strength  of  the  panel  material.     The  4  in  x  4  in  specimens  were 

tested  as  shown  in  figure  5.     The  steel  loading  blocks   (2  in  thick)  were 

2/ 

bonded  to  the  specimen  with  a  hot-melt  adhesive,—'     The  pull  rods  were 
connected  to  the  hydraulic  testing  machine  through  spherical  seats.  The 
loading  rate  was  approximately  one-third  of  the  expected  maximum  load 
per  minute. 

The  purpose  of  this  test  is  to  determine  the  tensile  strength  of 
the  weakest  link  in  the  sandwich.     Thus,  the  core  will  fail  if  the  tensile 
strength  of  the  core  is  less  than  the  tensile  strength  of  the  adhesive 
bond. 

The  purpose  of  this  study  was  to  determine  the  mode  of  failure  as 
well  as  the  strength  values  before  and  after  accelerated  aging. 

2.2.3  Conditioning  and  Aging  of  Specimens. 

All  specimens  were  tested  after  being  brought  to  equilibrium  with 
laboratory  conditions   (73°  ±  3°F  and  50  ±  3%  rh) .     Half  of  the  specimens 
from  each  sample  were  stored  in  the  laboratory  until  tested  while  the 
other  half  were  artificially  aged  using  the  standard  procedure  of  ASTM 
C  481-62,  Cycle  A  [3]  before  testing. 

This  procedure  consists  of  6  repetitive  cycles  of  warm  water  soaking, 
steam  spraying,  freezing  and  dry-heating.     Although,  this  arbitra;ry  procedure 
is  widely  used  in  evaluating  sandwich  materials  there  is  as  yet  no  acceptable 
correlation  with  natural  aging. 

2,3    Test  Results 

2.3.1     Accelerated  Aging   (ASTM  C  481). 

Specimen  appearance  after  the  aging  procedure  was  noted  with  significant 
observations  as  follows: 


—    This  adhesive  had  enough  fluidity  at  approximately  325°F  for  this  bonding 
operation.     This  temperature  did  not  degrade  the  adhesive  used  in 
producing  the  panels. 
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Figure  5.     Flatwise  Tensile  Test 
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2.3.1.1  Sample  A. 

The  first  step  of  the  aging  procedure  was  to  immerse  the  specimens 
in  warm  water  (120°F)  for  one  hour.     At  the  end  of  this  step  all  specimens 
from  Sample  A  were  showing  signs  of  delamination .     Most  specimens  had 
at  least  one  facing  completely  delaminated  from  the  core.  Figure  6  is  a 
picture  of  a  f lexural-shear  specimen  (6  in  x  23  in)  after  water  soaking. 
The  stresses  set  up  in  the  core  from  the  moisture  expansion  were  sufficient 
to  completely  separate  the  facings  from  the  core.     Note,  in  this  photograph, 
that  the  core  had  expanded  until  it  was  about  1  in  longer  than  the  facing. 
Sample  A  material  was  rejected  and  testing  terminated  because  the  adhesive 
was  water  soluble, 

2.3.1.2  Samples  B,        and  D. 

The  accelerated  aging  procedure  darkened  the  color  of  the  paper  honeycomb, 
but  no  other  significant  changes  were  observed. 

2.3.2  Flexural  Shear  Test  Results  (ASTM  C  393). 

The  results  of  the  shear  tests  are  presented  in  table  1.     The  core  in 
the  sandwich  panels  is  oriented  (see  figure  7)  so  that  the  core  shear  strength 
in  the  "W"  direction  is  the  critical  parameter.     [The  paper  ribbons  of  the 
core  run  perpendicular  to  the  span  of  the  panel] 

The  shear  strengths  and  the  relationship  between  the  strengths  in  the 
"W"  direction  and  the  "L"  direction  depend  to  a  large  extent  on  the  shape 
of  the  honeycomb  cells.     If  the  core  is  100  percent  expanded  in  the  sandwich, 
the  cell  shape  is  a  true  hexagon  and  the  "W"/"L"  shear  strength  ratio  would 
be  approximately  0.6.     Most  paper  honeycomb  sandwich  cores  are  either  over 
or  under  expanded  and  the  expansion  usually  varies  within  a  panel.  Thus, 
some  variability  of  core  strength  values  should  be  expected  when  testing 
small  specimens  cut  from  the  same  panel. 

The  primary  interest  in  this  evaluation  was  in  the  "W"  direction  shear 
values  and  in  the  effect  of  the  aging  on  these  values.     It  can  be  seen  from 
the  data  in  table  1  that  the  shear  strength  of  the  unaged  core  in  the  "W" 
direction  varied  from  20.9  to  28.9  psi  and  that  the  aging  reduces  this 
strength  18  to  20  percent. 

All  the  flexural  shear  specimens  failed  by  shear  buckling  of  the  core 
indicating  that  the  strength  of  the  adhesive  bond  was  sufficient  to  develop 
the  shear  capacity  of  the  core.     (See  figure  4) 

2.3.3  Tensile  Test  Results   (ASTM  C  297). 

The  tensile  test  results  presented  in  table  2  show  a  wide  variance  in 
the  tensile  strength  values  between  samples  and,  in  the  case  of  Sample  C, 


10 


c 

c 

0) 

<u 

E 

•  H 

u 

o 

p. 

^ 

a; 

■c 

X 

oo 

to 

< 

u 
<u 

O  C/D  -H 

a>  to 
« 


V5 

c 

6 

H 

u 
p- 

D 

C 


I/) 
C 

c 

0) 


u 

<u 
p. 

to 
-a  p, 

0) 
< 


c 
<u 
E 

•H 

u 
p- 


p. 
e 

rt 

CO 


i-H  CTi  r-  Ki  00  to  cn 


1— I  cn      LD  Tj- 


00  00  00  to  to  Ti- 

tsi  <si  tsi  (sj  rg  fsi  tsi 


^  O  LO  t^  to 
rg  c-j  (sj  fsi  eg 


i-H  to  00  1^  cn  LO  c 


rgtOtsirgt--Oi— t  i  d 
rgrgpgrxji—ifsjrg   i  rH 


1— I  vO  >0  vO  vO 


t-~-  rg  to 

to  T*-  T*- 


1— I  o  I-H  r-j  1— I 
^  to  to  to  to 


(XI  "3-      Ln  r-. 


00  00  vo 

to  to  to  to  ro 


t-(<Nito  >i-trgtOrf  >i— (fsito  > 
<  <  < 


4-> 

o 

fH 

«J 

3 

O 

f-l 

•H 

0) 

I-H 

I-l 

V) 

Pj 

cd 

p. 

p< 

rt 

^1 

^1 

0) 

>-< 

o 

o 

i-> 

u 

o 

o 

u 

0) 

0) 

x: 

^ 

^-^ 

4-> 

o 

o 

o 

O 

4) 

to 

c 

p 

o 

o 

o 

,p 

4-1 

•  H 

•rt 

O 

>-< 

ec 

c 

9i 

•H 

p. 

P- 

«) 

Cd 

^ 

p. 

p. 

O 

3 

o 

a> 

Xi 

■•-) 

4-)  • 

c 

« 

4-> 

4-)  0) 

C3 

rt  e 

+J 

4->  U 

>^ 

(/I  • 

I/l  p. 

<u  c 

4)  t/l 

4-1  a> 

4-> 

T3 

rt  6 

<U 

O  -H 

u  x; 

I— 1 

•H  O 

•H  4-> 

•  H 

T3  4) 

ca 

C  P. 

•H  I/) 

•H  O 

V) 

C  <D 

cx 

C 

O  X 

O  4J 

o 

•H 

•w  oc 

e 

<->  C 

•H 

U  4) 

o 

0)  o 

4)  i-H 

o 

u 

p. 

•H  X 

•  1-1  4) 

t/) 

TJX 

DO 

+-> 

1-H 

=  c 

1—1 

_j  a; 

^  O 

< 

r  i-H 

r  4J 

— 1 

rg 

to 

12 


AXES 

Figure  7.     Hexagonal  Honeycomb  Orientation 
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Table  2.  Tensile  Test  Results 


Aged  Specimens 

Unaged  Specimens 

S  amp  1 e 

Spe  c  imen 

Failure  Mode^ 

Tensile 

Strength 

Failure  Mode ^ 

p  s  i 

ps  i 

B 

1 

32.  2 

100% 

Bond 

31 . 

5 

100% 

Bond 

2 

?fi  n 

i.  u  •  u 

1001 

Bond 

33 , 

8 

100% 

Bond 

32 

0  z.  .  u 

1001 

Bond 

33 . 

5 

100% 

Bond 

42 

100"^ 

Bond 

28 . 

0 

100% 

Bond 

52 

100% 

Bond 

2  7 

0 

100% 

Bond 

A  '\ro  t*  Q  O" 0 
/\v  C  X  d K c 

31 , 0 

31. 

0 

C 

1 

9. 13 

90% 

Bond 

n 

u 

5% 

Bond 

2 

in  n  3 

75% 

Bond 

74 

7 

5% 

Bond 

"JO    c  3 

40% 

Bond 

n 

u 

5% 

Bond 

42 

10% 

Bond 

52 

7  1 

1% 

Bond 



A  Ifia  T"  Q  fT  <a 
rV  V  C  1  cl)i 

22 . 4 

55. 

6 

D 

1 

22.6 

35% 

Bond 

36. 

3 

0% 

Bond 

2 

23.0 

50% 

Bond 

26. 

3 

0% 

Bond 

3 

28.3 

65% 

Bond 

38. 

8 

0% 

Bond 

4 

23.1 

50% 

Bond 

46. 

3 

0% 

Bond 

5 

39.  7 

60% 

Bond 

31. 

6 

01 

Bond 

Average 

27.3 

35. 

5 

^Failures  were  classified  as  either  bond  or  core  failures.  Bond 
failure  generally  was  at  the  primer-bonderized  steel  interface 
except  for  Sample  B  specimens  where  the  adhesive  failed  cohesively. 

^Specimen  cut  from  flexural  shear  specimen. 

^Specimen  was  cut  from  an  area  of  the  panel  where  there  had  been 
relative  movement  between  the  core  and  one  facing  during  fabri- 
cation.    This  movement  had  "squeegeed"  the  adhesive  so  that 
certain  areas  were  starved  for  adhesive.     (See  Fig.  8) 
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within  the  sample.  Observations  made  following  each  test  helped  in  explaining 
this  variance. 

These  observations  as  well  as  the  strength  data  indicated  that  the 
specimens  of  Sample  C  were  different  from  those  of  Sample  D.  Essentially, 
failure  occurred  in  the  core  of  all  unaged  specimens  from  both  samples. 
However,  observations  indicated  that  the  adhesive  for  Sample  D  was  bonded 
mostly  to  fibers  on  the  edges  of  the  paper  core   (resulting  from  surface 
sanding  of  core)  rather  than  to  the  solid  portion  of  the  paper  as  it  was 
for  Sample  C.     It  can  be  concluded  that  the  actual  tensile  strength  of  the 
dry,  unaged  core  is  probably  at  least  50  psi.     HoAvever,  because  of  the 
fabrication  practice  the  tensile  strength  should  be  considered  to  be  no  more 
than  35  psi. 

There  is  insufficient  data  to  properly  judge  the  effect  of  the  aging 
on  the  tensile  strength  of  the  core.     However,  from  a  comparison  of  the 
Sample  C  data  for  aged  specimens  4  and  5  with  the  unaged  specimens,  it 
appears  that  the  aging  may  reduce  the  tensile  strength  by  as  much  as  40 
percent.     A  comparison  of  the  Sample  D  data  for  the  aged  with  the  unaged 
specimens  indicate  a  reduction  of  only  24  percent  in  bond  strength. 

The  data  indicate  that  the  aging  had  little  if  any  effect  on  the 
tensile  strength  of  the  adhesive  (neoprene-phenolic)  of  Sample  B.     It  is 
also  noted  that  the  bond  strength  of  the  adhesive  of  Samples  C  and  D  is 
greater  than  that  for  Sample  B.     However,  the  strength  of  the  adhesive  bond 
after  aging  was  less  for  Sample  C  and  D  than  for  B. 

Observations  made  on  the  Sample  C  specimens  after  the  tensile  tests 
emphasize  the  effect  that  fabrication  techniques  can  have  on  the  test  results. 
Aged  specimens  No.  1,  2  and  3  of  Sample  C  had  been  taken  from  an  area  of  the 
panel  where  there  had  been  a  relative  movement  between  one  facing  and  the  core 
during  mating.     This  movement,  which  can  be  seen  in  figure  8,  "squeegeed"  the 
adhesive  in  front  of  the  cell  edges  so  that  the  areas  behind  the  edges  were 
starved  for  adhesive.     The  data  for  these  three  specimens  indicate  a  greatly 
reduced  bond  strength  as  a  result  of  this  movement  during  fabrication. 

Most  bond  failures  for  Samples  C  and  D  occurred  at  the  interface  of  the 
steel  facing  and  a  primer  which  had  been  applied  prior  to  application  of  the 
adhesive.     Since  significant  bond  failures  occurred  only  on  the  aged  specimens 
it  seems  reasonable  to  assume  that  the  durability  of  the  primer  bond  to  the 
steel  is  the  weak  link  in  the  system  and  not  the  adhesive.     However,  it  would 
appear  from  the  low  results  for  the  "squeegeed"  aged  specimens  1,   2  and  3 
of  Sample  C  that  the  adhesive  does  furnish  some  protection  for  the  primer. 

3.0     Structural  Testing  of  Full  Size  Roof  Panels 

The  reliability  of  the  procedure  for  predicting  the  structural  behavior 
for  the  type  of  construction  in  the  roof  panel  was  not  known.  Consequently, 
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a  testing  program  was  undertaken  to  verify  structural  performance.  Various 
moisture  conditioning  procedures  were  used  to  simulate  in-service  conditions 
since  the  panel  may  be  susceptible  to  water  penetration  during  service  life. 
Four  full-size,  prototype  production  panels  were  obtained  from  the  producer 
and  three  were  subiected  to  short-term  load  testing  and  one  to  a  24-hour 
sustained  load  test. 

3. 1  Description  of  Moisture  Conditioning  Procedures. 

Each  of  the  three  short-term  test  panels  was  moisture  conditioned  by 
a  different  procedure  before  being  subjected  to  the  flexural  tests.     The  three 
procedures  were: 

1.  50?  relative  humidity  at  73  ±  3°F  for  five  days. 

2.  95?i  relative  humidity  at  73  ±  3°F  for  five  days  by  storage  in 
a  fogroom  with  the  panel  draped  with  a  plastic  film  to  prevent 
the  deposition  of  liquid  water. 

3.  Complete  submersion  in  a  water  bath  at  73  ±  3°F  for  7  days  and  a 
subsequent  9  day  drying  period,  under  procedure  1  conditions  and 
without  forced  air. 

The  fourth  roof  panel  for  the  24-hour  sustained  load  test  was  conditioned 
using  procedure  1. 

3 . 2  Description  of  Test  Setups. 

3.2.1    Short-Term  Flexural  Test. 

The  roof  panel  was  tested  in  the  horizontal  inverted—    position  with  an 
air  bag  sandwiched  between  it  and  a  wood  support  placed  on  the  laboratory 
floor  as  shown  in  figures  9  and  10.     The  support  members  were  3  in  x  3  1/2  in 
wood  blocks  to  simulate  the  actual  wall  support  condition.     The  overall  panel 
length  was  16  ft  0  in  and  inside  -  to -inside  dimension  of  the  supports  was 
13  ft  0  in.     The  specimen  supports  Avere  square  tubular  tie  down  beams  with  a 
roller  at  one  end  and  a  knife  edge  at  the  other.     Four  steel  bracing  members 
were  placed  between  supports  in  an  attempt  to  simulate  lateral  restraint 
provided  by  adjacent  panels  to  the  edge  members  in  a  completed  roof  structure. 


—    Normal  position  refers  to  panel  orientation  in  service.     Inverted  position 
refers  to  panel  turned  upside  do^^^n. 
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Three  linear  variable  differential  transformers  (LVDT)  were  placed  at 
midspan  to  record  vertical  movement  with  one  over  each  edge  beam  and  one  at 
the  centerline  of  the  specimen.     X-Y  recorders  plotted  air  bag  pressure 
versus  midspan  deflection. 

3.2.2    Twenty-Four  Hour  Sustained  Load  Test. 

The  roof  panel  was  tested  in  the  normal  position  with  sand  bags  applied 
between  supports  as  shown  in  figures  11  and  12.     The  overall  panel  length 
was  16  ft  0  in  and  inside- to-inside  dimension  of  the  support  was  13  ft  0  in. 
A  single  def lectometer  was  placed  at  centerline  of  midspan  to  record  vertical 
movement . 

3. 3  Description  of  Test  Procedure. 

All  loads  discussed  under  testing  are  equivalent  applied  loads.     For  the 
short  term  tests  where  the  panels  are  tested  in  the  inverted  position,  the 
equivalent  applied  load  is  determined  by  taking  the  applied  air  bag  load  minus 
twice  the  panel  weight  minus  the  weight  of  the  loading  apparatus.  The 
equivalent  applied  load  for  the  24-hour  sustained  load  test  is  the  actual  load 
since  the  panel  was  tested  in  the  normal  position. 

3.3.1  Short-Term  Flexural  Tests. 

For  each  of  the  three  short-term  tests  a  preload  of  20  psf  was  applied 
to  the  panel  and  then  removed  in  order  to  seat  the  specimen  in  the  test 
fixture.     Load  was  then  applied  in  5  psf  increments  to  30  psf  and  then 
removed.     Load  was  then  applied  in  5  psf  increments  to  failure.  Deflection 
readings  were  taken  at  each  increment. 

3.3.2  Twenty-Four  Hour  Sustained  Load  Test. 

Sand  bags  were  distributed  uniformly  between  panel  supports  to  provide 
a  load  of  45.7  psf  (0.2  DEAD  +  1.5  LIVE).     Load  was  maintained  for  24  hours 
and  removed.     Deflections  were  periodically  recorded  during  the  24  hour  period, 
immediately  after  load  removal,  and  24  hours  thereafter. 

3. 4  Test  Results  -  Short  Term  Flexural  Tests. 

3.4.1    Panel  Conditioned  by  Procedure  1. 

This  panel  failed  at  an  equivalent  applied  load  of  135  psf  with  elastic 
load-deflection  behavior  up  to  failure.     The  specimen  was  then  unable  to 
sustain  any  significant  load.     Figure  13  shows  the  load -def lection  history 
of  the  midspan  LVDT's  located  at  a  side  beam  and  at  the  centerline.  Failure 
occurred  by  local  buckling  (wrinkling)  of  the  compressive  facing  in  a  straight 
line  transversely  across  the  panel  approximately  six  inches  from,  and  parallel 
to,  a  splice  in  the  honeycomb  core   (see  figure  14). 
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Figure  12.     Sustained  Load  on  Full-Size  Roof  Panel 
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Figure  14.     Portion  of  Short-Term  Flexural  Specimen  Conditioned  by- 
Procedure  1  Showing  Buckling  of  Compressive  Facing 
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3.4.2  Panel  Conditioned  by  Procedure  2. 

This  panel  failed  at  an  equivalent  applied  load  of  155  psf  with  elastic 
load-deflection  behavior  up  to  failure.     The  specimen  was  then  unable  to 
sustain  any  significant  load.     Figure  15  shows  the  load -deflection  history 
of  the  midspan  LVDT ' s  located  at  the  side  beam  and  at  the  csnterline. 
Comparison  of  figures  13  and  15  indicate  an  inconsistency  in  relative 
movements  of  the  north  side  beams  and  the  panel  centerlines.     However,  this 
is  not  unexpected  since  the  panels  are  not  exactly  symmetrical   (see  difference 
in  edge  members  in  figure  9).     Because  they  are  not  symmetrical,  the  panels 
will  warp  slightly  under  uniform  load.     Failure  occurred  by  local  buckling 
of  the  compressive  facing  in  a  straight  line  transversely  across  the  panel 
at,  and  parallel  to,  a  splice  in  the  honeycomb  core  (see  figure  16). 

3.4.3  Panel  Conditioned  by  Procedure  3  (Soaked) . 

The  panel  behaved  elastically  up  to  an  equivalent  applied  load  of  80  psf 
when  a  sudden  drop  in  load  occurred  (see  figure  17).     This  was  believed  to  be 
caused  by  readjustment  of  the  air  bag  and  with  a  slight  increase  in  effective 
loaded  area.     The  panel  was  again  able  to  take  load  linearly  with  respect 
to  deflection. 

Failure  occurred  at  an  equivalent  applied  load  of     104  psf  and  was 
apparently  initiated  by  fracture  at  a  knot  in  the  edge  member  as  is  shown 
in  figure  18.     This  was  followed  almost  immediately  by  a  local  buckling  of 
the  compressive  facing  and  a  complete  loss  of  load  carrying  capability.  The 
buckling  occurred  in  a  straight  line  transversely  across  the  panel  at,  and 
parallel  to,  a  splice  in  the  honeycomb  core  as  shown  in  figure  19. 

Water  had  entered  the  panel  during  the  soaking  period  at  the  wood  edge 
members  and  traveled  along  the  honeycomb  sheet  edges  and  splices.     The  panel 
weighed  207  pounds  before  placing  in  the  water  and  240  pounds  on  the. day  of 
test.     The  panel  was  taken  apart  after  the  test  and  the  moisture  content  was 
determined  on  portions  of  the  material  taken  from  an  area  which  appeared  to 
be  the  dampest  portion  of  the  panel.     This  area  was  at  the  intersection  of 
the  edge  member  and  core  splice.     The  moisture  contents,  listed  below,  are 
based  on  oven-dry  (220°F)  weights. 

Foam  Insulation  1291 
Honeycomb  Core  41% 
White  Fir  Edge  Beam  24% 

Inadequate  adhesive  bonding  between  the  honeycomb  and  steel  facings  to  the 
right  of  the  core  splice  is  evident  in  figure  19.     It  apparently  was  caused 
by  a  difference  in  the  thickness  of  the  two  adjacent  core  pieces. 
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Figure  16.     Portion  of  Short-Term  Flexural  Specimen  Conditioned  by- 
Procedure  2  Showing  Buckling  of  Compressive  Facing 
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MIDSPAN     DEFLECTION,  IN 

Figure  17.     Short-Term  Flexural  Test  Results  on  S-necimen  Conditioned 
by  Procedure  3, 
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3. 5    Test  Results  -  Twenty-Four  Hour  Sustained  Load  Test. 

A  uniform  load  of  45.7  psf  (0.2D  +  5L)  was  applied  to  the  panel  with 
sand  bags   (D  =  3.5  psf;  L  =  30  psf).     The  panel  deflected  0.77  in  at  midspan 
upon  load  application  and  increased  to  0.81  in  after  24  hours.     The  residual 
deflection  immediately  after  removal  of  load  was  0.050  in  and  recovered  to 
0.037  in  after  24  hours.     Figure  20  shows  this  time-deflection  history. 

4.0     Discussion  of  Results 

4 . 1     Test  Performance  of  Roof  Panels. 

It  was  computed  that  the  shear  stress  in  the  roof  panel  with  a  live  load 
of  30  psf  would  be  6.5  psi  neglecting  the  contribution  from  the  edge  members. 
The  method  of  attaching  the  edge  members  to  the  panel   (stapling)  did  not 
appear  sufficient  to  justify  computations  assuming  complete  composite  behavior. 

The  measured  shear  strength  for  the  unaged  specimens  of  Samples  C  and 
D  averaged  about  23.9  psi.     Aging  reduced  the  strength  to  about  19.7  psi 
(Sample  C) .     These  strengths  appear  to  be  adequate  when  compared  with  the 
computed  6.5  psi  shear  stress  for  the  30  psf  roof  load.     However,  these 
'Strengths  were  obtained  in  dry  specimens  when  in  fact  it  must  be  assumed 
that  the  core  will  be  damp  at  some  time  in  service. 

Jenkinson   [4]  and  others  have  shown  that  honeycomb  similar  to  that  used 
in  this  panel  material  will  lose  about  50  percent  of  its  dry   (50  percent  rh) 
shear  strength  when  conditioned  at  100  percent  rh.     Thus,  the  shear  strength 
of  the  core  when  reduced  50  percent  for  dampness  would  be  12  psi  for  the 
unaged  and  9.9  psi  for  the  aged  core. 

The  above  discussion  shovv's  how  the  shear  capacity  of  the  core  in  the 
roof  panel  would  affect  its  load  carrying  capacity.     However,  the  flexural 
tests  on  the  full-size  roof  panels  indicate  that  the  shear  capacity  of  the 
core  is  not  a  controlling  factor  and  that  the  edge  members  do  contribute 
to  the  flexural  strength  of  the  panel.     The  three  roof  panels  tested  to 
failure  with  short-term  uniform  loads  show  that  the  failure  mode  is  facing 
buckling  rather  than  shear.     This  means  that  the  tensile   (or  compressive) 
strength  of  the  panel  materials  in  the  flatwise  plane  is  the  controlling 
factor  in  the  roof  panel.     The  computed  test  shear  stress  for  the  soaked 
roof  panel,  assuming  no  edge  members,  was  18.8  psi  at  the  failure  load  of 
104  psf.     This  computed  stress  when  compared  with  the  12  psi  shear  strength 
for  wet  unaged  core  indicates  that  for  this  test  the  edge  members  contributed 
about  36  percent  to  the  shear  resistance  of  the  damp  roof  panel.     The  same 
type  of  comparison  indicates  that  the  edge  members  contributed  only  about 
10  percent  to  the  shear  resistance  of  the  dry  panel.     However,  these  roof 
panel  tests  did  not  reveal  the  effects  of  aging  or  variability  in  tlie 
properties  of  the  panel  material. 
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The  minimum  failure  load  of  104  psf,  for  these  panels,  when  adjusted 
down  for  the  aging  effect  of  24  percent  (see  section  2.3.3)  is  79  psf. 

A  variability  factor  (v)  of  0,41,  computed  from  the  tensile  test  data 
for  Samples  C  and  D,  could  be  used  because  of  the  failure  mode  in  all  the 
full-scale,  roof -panel  tests.    Adjusting  the  load  capacity  of  the  wet  and 
aged  roof  panel   (79  psf)  for  this  variability  reduces  the  rated  capacity 
to  49  psf  [79  (^j— j-^j-1^)  ]  . This  variability  factor  of  0.41  may  be 
conservative,  but  present  knowledge  concerning  localized  buckling  failure 
in  sandwich  panels  is  insufficient  to  justify  a  lower  value. 

The  sponsor  recommends  that  the  design  ultimate  load  be  1.4D  +  1 . 7L 
after  allowance  for  aging,  environmental  effects  and  variability.     From  the 
discussion  above  and  this  recommendation  the  design  live  load  should  not 
exceed  26  psf. 

Normally  it  is  expected  that  a  structural  component  will  exhibit  some 
ductility;  that  is,  support  a  significant  load  while  undergoing  inelastic 
deformation.     This  was  not  exhibited  by  these  sandwich  roof  panels. 

The  sudden  buckling  failure  which  occurred  near,  and  parallel  to,  the 
core  splice  was  typical  for  all  short-term  flexural  panels  and  appeared  to 
be  in  part  caused  by  inadequate  adhesive  bonding  between  the  honeycomb 
and  steel  facings .     This  inadequate  bond  was  apparently  caused  by  a  difference 
in  the  thickness  of  the  two  core  pieces  and  is  an  indication  of  a  quality 
control  consideration.     As  a  result,  it  was  recommended  either:     CI)  core 
splices  be  eliminated  by  using  full  length  core  sheets;  or  (2)  core  material 
be  chosen  for  consistent  thickness  and  splices  made  such  that  the  shear 
strength  of  the  splice  and  that  of  the  bond  near  the  splice  be  equal  to 
that  of  the  honeycomb  core  without  a  splice. 

5.0     Summary  and  Conclusions 

This  paper  describes  a  series  of  structural  evaluation  tests  performed 
on  components  and  materials  intended  for  use  in  one  of  the  Operation 
BREAKTHROUGH    housing  systems.     Four  samples  of  steel  faced,  paper  honeycomb, 
sandwich  panel  material  and  four  prototype  roof  panels  were  evaluated. 

The  samples  of  sandwich  panel  material  were  used  to  evaluate  the 
variability  of  panel  material  properties  and  the  effect  of  aging  on  tensile 
and  shear  strengths.     The  roof  panels  were  used  to  determine  the  probable 
behavior  in  service  considering  the  effects  of  adverse  environmental  conditions 


—    Assuming  a  normal  distribution,  the  requirement  that  structures  be  designed 
for  an  overcapacity  of  (1  +  l.Sv)  times  the  required  capacity  would  mean 
that  approximately  95  percent  of  that  population  of  structures  would  have 
at  least  the  factored  load  capacity. 
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on  ultimate  strength  and  mode  of  failure.  In  addition,  the  performance 
of  one  panel  under  sustained  loadinj^  was  evaluated. 

The  following  conclusions  can  be  made  from  the  test  results:- 


1.  The  roof  panels,  when  loaded  uniformly,  will  fail 
in  flexure  rather  than  in  shear  even  when  the  core 
is  damp. 

2.  The  uniformly  loaded  roof  panels  failed  suddenly 
by  local  buckling  of  the  compressive  skin  and 
exhibited  very  little  ductility. 

3.  The  flatwise  tensile  strength  of  the  sandwich  panel 
material  is  a  controlling  factor  in  the  strength  of 
the  roof  panels. 

4.  Aging  of  the  sandwich  material  reduced  the  flatwise 
tensile  strength  about  40  percent  in  the  prototype 
panel  specimens   (Sample  C) ,  but  only  24  percent  in 
the  production  panel  specimens   (Sample  D) .  This 
difference  in  the  aging  effect  is  attributed  to  the 
disruption  of  the  adhesive  film,  wliich  offers  some 
protection  to  the  metal  facing,  in  the  prototype  panel. 

5.  The  coefficient  of  variability  for  the  tensile 
strength  of  the  small  specimens  was  41  percent. 
This  includes  variability  in  the  adhesive  bond  as 
effected  by  fabrication  techniques, 

6.  The  maximum  uniform  load  which  a  wet  and  aged  roof 
panel  should  be  expected  to  support  is  49  psf. 

7.  A  wet  and  aged  roof  panel  will  meet  the  sponsor's 
recommendations  for  26  psf  live  load  using  a  variabil- 
ity of  0.41. 

8.  Defects  in  the  wood  edge  members,  such  as  large 
knots,  may  affect  the  load  capacity  of  the  roof 
panels . 

9.  The  long-term  performance  of  the  panel  material 
would  be  affected  by  the  following  quality  control 
items : 

a.     Thickness  of  adhesive  relative  to  the 
condition  of  the  edges  of  the  paper  honeycomb  core. 
If  the  edges  of  the  core  has  been  roughened  by 
sanding  or  some  other  method  prior  to  lamination 
the  adhesive  may  have  to  be  thicker  in  order  to 
bond  to  the  solid  portion  of  the  paper. 
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b.  Relative  movoinent  between  facing  and  core 
during,  or  after,  lamination.     Tbis  movement  will 
"squeegee"  the  adhesive  away  from  one  side  of  the 
core  cell  edge. 

c.  The  bond  between  the  primer  and  the  basic 
steel  sheet. 

d.  Difference  in  thickness  between  two  pieces 
of  core  used  in  the  same  panel.     The  thicker  piece 
prevents  good  contact  of  the  thinner  piece  with  the 
adhesive . 


References 


1.  Cullen,  W.  C,  Solar  Heating  Radiative  Cooling  and 
Thermal  Movement  -  Their  Effect  on  Built-Up  Roofing, 
Technical  Note  231,  National  Bureau  of  Standards, 
Washington,  D.  C,  December  1963. 

2.  Sharpe,  L.  H. ,  Some  Aspects  of  the  Permanence  of  Adhesive 
Joints,  Applied  Polymer  Symposia,  No.   3,  Pg.   353-359,  1966. 

3.  1971  Annual  Book  of  Standards,  Part  16,  American  Society 
for  Testing  and  Materials,  Philadelphia,  Pennsylvania. 
(Test  methods  C  297,  C  393,  C  481  are  included  in  this 
book . ) 

4.  Jenkinson,  P.  M.  ,  Effect  of  Core  Thickness  and  Moisture 
Content  on  Mechanical  Properties  of  Two  Resin-Treated 
Paper  Honeycomb  Cores,  U.  S.   Forest  Service  Research 
Paper  FPL  35,  Forest  Products  Laboratory,  Madison, 
Wisconsin,  September  1965. 


35 


FORM  NBS-1  14A  (1-71) 


U.S.  DEPT.  OF  COMM. 

BIBLIOGRAPHIC  DATA 
SHEET 

1.  PUBLICATION  OR  REPORT  NO.           2.  Gov't  Accession 

No. 

EBS  BSS-51 

3.  Recipient's  Accession  No. 

111  Lt   A1\U  OU  Dill  Ltl 

Structural  Evaluation  of  Steel  Faced  Sandwich  Panels 

5.    Publication  Date 

April  1974 

6.  Performing  Organization  Code 

7.  AUTHOR(S) 

J.  H.  Pielert,  T.  W.  Reichard,  L.  W.  Masters 

8.  Performing  Organization 

9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

NATIONAL  BUREAU  OF  STANDARDS 
DEPARTMENT  OF  COMMERCE 
WASHINGTON,  D.C.  20234 

10.  Project/Task/ Work  Unit  No. 

4213450 

11.  Contract/Grant  No. 

12.  Sponsoring  Organization  Name  and  Address 

Department  of  Housing  and  Urban  Development 
Washington,  D.C.  20410 

13.  Type  of  Report  &  Period 
Covered 

Final  Report 

14.  Sponsoring  Agency  Code 

15.  SUPPLEMENTARY  NOTES 


Library  of  Congress  Catalog  Card  No.:  jK-^OS^ 


16.  ABSTRACT  (A  200-word  or  less  factual  summary  of  most  significant  information.   If  document  includes  a  significant 
bibliography  or  literature  survey,  mention  it  here.) 

A  series  of  structural  evaluation  tests  performed  on  components  and  materials  intended 
for  use  in  one  of  the  Operation  BREAKTHROUGH  housing  systems  is  described.     Four  samples 
of  steel  faced,  paper  honeycomb,  sandwich  panel  material  and  four  full  size  prototype 
roof  panels  were  evaluated. 

The  samples  of  sandwich  panel  material  were  used  to  evaluate  the  variability  of  panel 
material  properties  and  the  effect  of  aging  on  tensile  and  shear  strength.    The  roof 
panels  were  used  to  determine  the  behavior  in  service  considering  the  effects  of 
adverse  environmental  conditions  on  ultimate  strength  and  mode  of  failure.    In  addition, 
the  performance  of  one  panel  under  sustained  loading  was  evaluated. 


17,  KEY  WORDS  (Alphabetical  order,  separated  by  semicolons  )  Accelerated  aging;  adhesive  bond;  ductility; 
flexural  shear;  housing  systems;  local  buckling;  material  variability;  moisture  condi- 
tioning; Operation  BREAKTHROUGH;  paper  honeycomb;  structural  sandwich;  sustained  load 


18,  AVAILABILITY  STATEMENT 

19.  SECURITY  CLASS 
(THIS  REPORT) 

21.  NO.  OF  PAGES 

HckUNLIMITED. 

UNCL  ASSIFIED 

^3 

1     1  FOR  OFFICIAL  DISTRIBUTION.   DO  NOT  RELEASE 
TO  NTIS. 

20.  SECURITY  CLASS 
(THIS  PAGE) 

UNCLASSIFIED 

22.  Price 

90  <^ 

USCOMM-DC  66244-P7« 


Announcement  of  New  Publications  in 
Building  Science  Series 

Superintendent  of  Documents, 
U.S.  Government  Printing  Office, 
Washington,  D.C.  20402 

Dear  Sir: 

Please  add  my  name  to  the  armouncemenit  list  of  new  publications  to  be 
issued  in  the  series :  National  Bureau  of  Standards  Building  Science  Series. 

Name  

Company  

Axidress  

City  Sta;t«  Zip  Code  

(Notification  key  N-339) 


NBS  TECHNICAL  PUBLICATIONS 


PERIODICALS 

JOURNAL  OF  RESEARCH  reports  National 
Bureau  of  Standards  research  and  development  in 
physics,  mathematics,  and  chemistry.  Comprehensive 
scientific  papers  Q;i\'c  complete  details  of  the  work, 
includinp;  laboratory'  data,  experimental  procedures, 
and  theoretical  and  mathematical  analyses.  Illustrated 
with  photographs,  drawings,  and  charts.  Includes 
listings  of  other  NBS  papers  as  issued. 

Puhli^hrd  in  two  sections,  available  separately: 

•  Physics  and  Chemistry  (Section  A) 

Papers  of  interest  primarily  to  scientists  working  in 
these  fields.  This  section  covers  a  broad  range  of 
physical  and  chemical  research,  with  major  emphasis 
on  standards  of  physical  measurement,  fundamental 
constants,  and  properties  of  matter.  Issued  six  times 
a  year.  Annual  subscription:  Domestic,  .$17.00;  For- 
eign, $21.25. 

•  Mathematical  Sciences  (Section  B) 

Studies  and  compilations  designed  mainly  for  the 
mathematician  and  theoretical  physicist.  Topics  in 
mathematical  statistics,  theory  of  experiment  design, 
numerical  analysis,  theoretical  physics  and  chemistry, 
logical  design  and  programming  of  computers  and 
computer  systems.  .Short  numerical  tables.  Issued  C]uar- 
terly.  Annual  subscription:  Domestic,  $9.00;  Foreign, 
$ir.25. 

DIMENSIONS,  NBS 

The  best  single  source  of  information  concerning  the 
Bureau's  measurement,  research,  developmental,  co- 
operative, and  publication  activities,  this  monthly 
publication  is  designed  for  the  layman  and  also  for 
the  industry-oriented  individual  whose  daily  work 
involves  intimate  contact  with  science  and  technology 
— jar  engineers,  chemists,  physicists,  research  man- 
agers, product-development  managers,  and  company 
executives.  Annual  subscription:  Domestic,  $6.50;  For- 
eign, $8.25. 


NONPERIODICALS 

Applied  Mathematics  Series.  Mathematical  tables, 
manuals,  and  studies. 

Building  Science  Series.  Research  results,  test 
methods,  and  performance  criteria  of  building  ma- 
terials, components,  systems,  and  structures. 

Handbooks.  Recommended  codes  of  engineering 
and  industiial  jiractice  (including  safety  codes)  de- 
veloped in  cooperation  with  interested  industries, 
professional  organizations,  and  regulatory  bodies. 

Special  Publications.  Proceedings  of  NBS  confer- 
ences, bibliographies,  annual  reports,  wall  charts, 
pamphlets,  etc. 

Monographs.  Major  contributions  to  the  technical 
literature  on  various  subjects  related  to  the  Bureau's 
scientific  and  technical  activities. 

National    Standard    Reference   Data  Series. 

NSRDS  provides  quantitative  data  on  the  physical 
and  chemical  properties  of  materials,  compiled  from 
the  world's  literature  and  critically  evaluated. 

Product  Standards.  Provide  requirements  for  sizes, 
types,  quality,  and  methods  for  testing  various  indus- 
trial products.  , These  standards  are  developed  co- 
operatively with  interested  Government  and  industry 
groups  and  pro\-ide  the  basis  for  common  understand- 
ing of  product  characteristics  for  both  buyers  and 
sellers.  Their  use  is  voluntary. 

Technical  Notes.  This  series  consists  of  communi- 
cations and  icports  (coxcring  both  other-agency  and 
NBS-sponsored  work)  of  limited  or  transitory  interest. 

Federal  Information  Processing  Standards 
Publications.  This  series  is  the  official  publication 
within  the  Federal  Government  for  information  on 
standards  adopted  and  promulgated  under  the  Public 
Law  89—306,  and  Bureau  of  the  Budget  Circular  A— 86 
entitled.  Standardization  of  Data  Elements  and  Codes 
in  Data  Systems. 

Consumer  Information  Series.  Practical  informa- 
tion, liascd  on  NBS  research  and  experience,  cover- 
ing arras  of  interest  to  the  consumer.  Easily  imder- 
standablc  language  and  illustrations  pro\'ide  useful 
background  knowledge  for  shopping  in  today's  tech- 
nological marketplace. 


BIBLIOGRAPHIC  SUBSCRIPTION  SERVICES 

The  following  current-awareness  and  literature-survey  bibliographies  are  issued  peiiodically  by  the 
Bureau : 

Cryogenic  Data  Center  Current  Awareness  Service  ( Publicatinns  and  Reports  of  Interest  in  Cryosenics) . 
A  litoratiuc  survey  issued  weekly,  .\nnual  subscription  :  Domestic,  $20.00:  foreign.  .$25.00. 

Liquefied  Natural  Gas.  A  literature  sur\'py  issued  quarterly.  Annual  subscription:  $20.00. 

Superconducting  Devices  and  Materials.  A  literature  survey  issued  quarterly.  Annual  subscription :  ,$20.00. 
.Send  subscription  orders  and  remittances  for  the  preceding  bibliographic  services  to  the  U..S.  Department 
of  Commerce,  National  Technical  Information  Ser\'ice,  .Springfield.  Va.  22151. 

Electromagnetic  Metrology  Current  Awareness  Service  (.''ibstracts  of  Selected  Articles  on  Measurement 
Techniques  and  Standards  of  Electromagnetic  Quantities  from  D-C  to  Millimeter- Wave  Frequencies).  Issued 
monthly.  Annual  subscription:  $100.00  (Special  rates  for  multi-subscri|3tions) .  Send  subscription  order  and 
remittance  to  the  Electromagnetic  Metrolog\'  Information  Center,  Electromagnetics  Division,  National  Bureau 
of  Standards,  Boulder,  Colo.  80302. 

Order  NBS  publications  (except  Bibliographic  Subscrijition  Services) 
from:  Superintendent  of  Documents,  Goxernment  Printing  Office,  Wash- 
ington, D.C.  20402. 


U.S.  DEPARTMENT  OF  COMMERCE 
National  Bureau  of  Standards 

Washington.  D.C.  20234  . 


OFFICIAL  BUSINESS 

Penalty  for  Private  Use,  S3QQ 


POSTAGE  AND  FEES  PAID 
U.S.  DEPARTMENT  OF  COMMERCE 
COM-2  1  5 


U.S.MAIL 


